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Pharmaceutical and Personal Care Products (PPCPs) as potential endocrine disrupting 
chemicals have been found at low-level concentrations in aquatic environment, which 
potentially impact water quality and subsequently increase water treatment cost. 
Hence, efficient removal of PPCPs from aquatic environment is of great challenge. 
Bioretention system is one of the most promising Best Management Practices (BMPs) 
to control urban stormwater pollutants if tailored properly, because of its excellent 
performance in reducing runoff quantity and improving quality in a natural way. 
Metal oxides have been demonstrated to remove pharmaceuticals efficiently. However, 
metal oxides are commonly present as the coatings of natural sands instead of a pure 
form. This study presents the use of iron oxide-coated sands (IOCS) and manganese 
oxide-coated sands (MOCS) to remove typical PPCP compounds from artificial urban 
storm water, including caffeine (CF), acetaminophen (ACMP), ibuprofen (IBP) and 
ketoprofen (KEP). Coating efficiencies for IOCS and MOCS were 99% and 41% 
respectively. The PPCP removal efficiency was found to be improved by the metal 
oxides coatings compared to the silicon sands. IOCS exhibited higher efficiency in 
removing CF, IBP and KEP. For ACMP removal, MOCS showed better performance 
than IOCS. The isotherm data were fitted well using Langmuir isotherm model with 
the correlation coefficient R
2
  0.85, implying the mono-layer adsorption. In the 
kinetics study, the adsorption of PPCPs was described reasonably by the first order 
kinetic model. In the comparison study, the oxidation of PPCPs was the dominant 
process during the overall reaction. Just a very limited removal of PPCPs was 
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attributed to the adsorption process. In small-scale column studies, PPCP removal 
efficiency by coated sands increased with the initial PPCP concentrations at the first 
stage, and then decreased due to the saturation of reaction sites on sand surface. In the 
flow rate tests, a lower flow rate contributed to the increase of removal efficiency, due 
to the longer contact time. In the bed depth testes, the breakthrough curves of CF and 
IBP were “L” shaped in the IOCS column. In the MOCS column, the curve for IBP 
was also “L” shaped, while for CF “S” shaped. The bed depth service time (BDST) 
model was used to determine the service time of a column of a given bed depth, 
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Storm runoff is designated as a leading pollution source for urban receiving water (US 
EPA 1997), because a variety of pollutants are carried and transported into estuaries 
and lakes. The continuous introduction of pollutants impacts water quality, 
subsequently increasing water treatment cost (Hsieh and Davis, 2005a). Bioretention 
system rapidly becomes one of the most efficient storm water best management 
practices (BMPs), due to its high efficiency in reducing quantity and improving 
quality of runoff with low cost in a natural way (Hsieh and Davis, 2005b; Davis et al., 
2009). 
Since recent decades, bioretention system has been found to exhibit great 
performance in contaminant removal from storm water (Hsieh and Davis, 2005a). 
Studies in pilot-scale box showed 70-80% removal of total phosphorus (P), 38-75% 
removal of total Kjeldahl nitrogen (TKN), and 24% removal of ammonium by 
bioretention media (Davis et al. 2001). Removal  96% for TSS,  96% for oil/grease 
(O/G),  98% for lead,  70% for TP,  9% for nitrate, and  20% for ammonium was 
conﬁrmed using an on-site bioretention facility (Hsieh and Davis, 2005a). 
Bioretention ﬁeld study demonstrated moderate TN removal of 40% (Hunt et al., 
2006). For heavy metals, up to 90% of copper (Cu), lead (Pb), and zinc (Zn) were 
captured by laboratory pilot-scale bioretention facilities under different pH, duration, 
intensity, and pollutant concentrations (Davis et al., 2003; Davis et al., 2007; Dietz 
and Clausen, 2005). Overall, bioretention systems exhibit excellent performance in 
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heavy metal removal, moderate TP removal, and relatively poor TN removal. 
Modifications of traditional bioretention design have been made in order to improve 
the removal of TN (Kim et al., 2003).  
Recently, widespread occurrence of Pharmaceuticals and Personal Care Products 
(PPCPs) have been detected in the aquatic environment at low-level concentrations 
(ng-mg/L) (Boyd et al., 2003, 2004; Pedersen et al., 2005; Loos et al., 2007; 
Karnjanapiboonwong et al., 2011; Hedgespeth et al., 2012; Gottschall et al., 2012). 
PPCPs refer to a large group of chemicals used for personal and livestock health and 
cosmetic reasons, including medications, fungicides and disinfectants (Daughton and 
Ternes, 1999). PPCPs and their metabolites are continually introduced into aquatic 
environment at low-level concentrations (x et al., 2002), which introduces chronic 
impact on water quality (Roefer et al., 2000; Trussell, 2001). However, less data about 
performance and mechanism is yet available associated with the removal of PPCPs 
from urban runoff using bioretention systems. 
The presence of metal oxides has been demonstrated to accelerate the degradation 
of PPCPs, suggesting metal oxides be a potential alternative to solve PPCPs pollution 
issue in aquatic environment (Feitosa-Felizzola et al., 2009; Cabrera-Lafaurie et al., 
2012; Fink et al., 2012; Jiang et al., 2013). Nano-Fe3O4 was confirmed to remove 
ciproﬂoxacin (CIP) from waste water efficiently (Rakshit et al., 2013). The sorption of 
CIP on nano-Fe3O4 increased from 45-80% at pH 3.44-5.97 and decreased to 25% at 
pH 8.39. TiO2 nanoparticles were found to remove 39% oﬂoxacin (OFL) at pH 9 
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(Wieren et al., 2012). MnO2 was suggested to be a potential alternative to solve 
carbamazepine (CBZ) pollution in soil for its great performance in oxidative 
transformation of CBZ (He et al., 2012). In addition, biogenic manganese oxides was 
applied to remove pharmaceuticals like diclofenac, ibuprofen and iomeprol, and 
exhibited better performance than chemically produced MnO2, implying great 
potential for PPCP treatment (Forrez et al., 2010, 2011). However, the application of 
bioretention system in PPCP reduction is a novel field. Further research is required to 
improve the performance of the system by modifying the substrates. Thus, the 
objectives of this study are (1) to investigate the PPCPs removal performance and 
mechanism of iron and manganese oxide coated sands, and (2) to explore the 





2. Literature Review 
2.1 Bioretention system 
Urban flood and waterlog disaster pose considerable stress to urban cities. This 
comprehensive urban disaster happens more and more frequently these years due to 
the changes of underlying surface in the urbanization process. In order to mitigate the 
impacts of urban flood, storm water management strategies are designed to control 
storm water quantity and quality. The strategies have evolved considerably during the 
few decades. Before 1990, sewers and detention basins were initially used to control 
storm water quantity (Debo and Reese, 2003). Since 1990, storm water best 
management practices (BMPs) were applied focusing on the reduction of the peak 
flow, while improving storm water quality (Roy-Poirier et al., 2010). The first 
generation of storm water BMPs included detention basins, storage tanks and wet 
ponds, which were simple to design, low-cost in construction and maintenance, and 
effective in storm water quantity reduction. The major limitation of these practices 
was that they hardly met the requirements about the storm-water quality proposed by 
the National Pollutant Discharge Elimination Systems (NPDES). Hence, wetlands, 
both natural and constructed, were great alternative for pollutant treatment. However, 
the hydrologic conditions of wetlands were not applicable for storm water 
management. 
 Considering the limitations of these BMPs, bioretention system as a novel 
strategy has been developed to solve the problems. Bioretention systems consist of 
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four basic components, including a terrestrial vegetation cover, a mulch layer, 
high-permeability filler and an underdrain structure (Roy-Poirier et al., 2010). The 
high-permeability filler is the principle part of the system, which provides maximum 
infiltration to the storm water. The vegetation, containing native grass, shrubs, and 
tree species, is highly tolerant to a variety of stress introduced by urban storm, while 
improving site aesthetics. The mulch layer is used to maintain the surface soil and 
filter large-size solids. The drainage system is design to avoid waterlogging in the low 
permeability soils at the bottom of the system. The structural and functional design of 
bioretention system avoided the limitation of traditional BMPs, like wet ponds, 
storage tanks and natural wetlands. Bioretention system was highly tolerant to a 
variety of hydrologic conditions, at the same time reduce volumes and pollutant loads 
in urban storm significantly, meeting the NPDES storm water quality regulations.  
A series of research, involving laboratory and field studies, were performed to 
investigate the behavior of bioretention system in addressing the hydrologic and water 
quality issues. Field-scale bioretention cells in different regions were found to reduce 
the hydrologic impact of urban storm effectively (Davis, 2008; Dietz and Clausen, 
2005), whose hydrologic performance highly relied on the temperature conditions 
(Hunt et al., 2006). Water quality improvement is the key driver for the application of 
bioretention system across many countries. The pollutants of primary concern, 
including TSS, nutrients, heavy metals and BOD, were reduced significantly in 
bioretention effluents through the mechanism of infiltration, filtration, sorption and 
biological treatment (Davis et al., 2009). A significant TSS removal was observed 
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using bioretention facilities, as high as 90% (Hsieh and Davis, 2005b). However, the 
accumulation of TSS was noted to limit the lifespan of bioretention media by 
clogging (Li and Davis, 2008). The phosphorus decrease was observed ranging from 
70-85%, following an exponentially trend (Davis, et al., 2006; Dietz and Clausen, 
2005). In comparison, the nitrogen reductions, ammonia and nitrate in particular, were 
relatively poor, which was possibly due to ammoniﬁcation and nitriﬁcation processes 
(Davis et al. 2001). Representative heavy metal species, such as lead, copper, 
cadmium and chromium, were measured in the influent and effluent of bioretention 
facilities by researchers. The reported reduction of metal concentrations on a mass 
basis was as high as 97%, and varied greatly among different metal species (Davis et 
al., 2001; Glass and Bissouma, 2005). The different removal efficiency was attributed 
to the different removal processes (Roy-Poirier et al., 2010). BOD was a key indicator 
of the water quality, associated with the oxygen demand in water. Hunt et al. (2008) 
found a BOD5 reduction of 63% at a field-scale bioretention site.  
 
2.2 PPCP pollution 
Pharmaceuticals and personal care products (PPCPs) describes a wide range of 
synthetic and natural chemicals designed to improve the health of humans and 
animals (Tijani et al., 2013). Specifically, pharmaceuticals refer to compounds applied 
to cure and prevent diseases of humans and animals (Maletz et al. 2013), including a 
large class of organic chemical contaminants such as antibiotics, antiepileptics, 
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anophelifuges, non-steroidal anti-inflammatory drugs, and antimicrobial (Boyd et al., 
2004; Zhu and Chen, 2014; Martín et al. 2012; Smith and Burgett 2005). And 
personal care products include cosmetics, fragrances, preservatives, and toiletries 
(Houtman, 2010). PPCPs were suspected endocrine disrupting chemicals (EDCs) 
(McLachlan, 2001), mainly derived from hygiene products of individuals and pets, 
pharmaceutical industry waste, hospital wastes and therapeutic drugs, and medicated 
aquaculture (Rivera-Utrilla et al., 2013; Ellis, 2008).  
Pharmaceuticals and their metabolites as emerging environmental contaminants were 
widely detected in low-level concentrations (ng-g/L) in aquatic environment (Sedlak 
et al., 2000; Kolpin et al., 2002; Calamari et al., 2003; Tixier et al., 2003; Walters et al. 
2010; Murata et al. 2011). Previous research detected 56 PPCP compounds in two 
rivers in the South Wales region UK, whose concentrations were at g/L level and 
influenced mainly by the dilution of rain water (Kasprzyk-Hordern et al., 2008). The 
presence of 32 pharmaceutical residues were investigated in surface water in Germany, 
such as sewage treatment discharges, rivers and stream waters, with concentration of 
carbamazepine level up to 6.3 g/L (Ternes, 1998). The occurrence of 11 antibiotics 
was measured in surface water in Po Valley Italy, and their concentrations were 
ranging from 2-25 ng/L (Verlicchi et al., 2014). A monitoring study detected the 
presence of 13 pharmaceutical residues in surface water form urban areas in 
northwestern Spain and reported concentration level up to 171.4 ng/L (Iglesias et al., 
2014). Liu and Wong (2013) summarized PPCP occurrence in surface water in China. 
The concentration level of PPCPs was in the range of ND-7051 ng/L and for most 
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cases below g/L grade. Tran et al. (2014) examined PPCP contamination in 
Singapore and found that pharmaceuticals occurred in urban water with contents 
generally below 5 ng/L, while concentrations of CF and DEET up to 971 and 431 
ng/L. Even though the occurrence of PPCP contaminants was at low-level 
concentrations, the continuous introduction into receiving waters would potentially 
cause chronic effects to water qualities (Ellis, 2008). Besides, the long-term exposure 
to mixtures of a variety of PPCP contaminants would pose threat to ecosystem safety 
and human health (Rivera-Utrilla et al., 2013). Thus, the PPCP removal technologies 
have drawn widespread interests. 
Currently, there is limited information available about the toxicology of 
pharmaceuticals to human health and the potential risks to ecosystem safety (Jones et 
al., 2004). Hence, more research is required in order to figure out the impact of 
pharmaceuticals on human health and ecosystem. The main source of pharmaceuticals 
is the municipal wastewater (Zhang et al., 2008). The wastewater discharged from 
hospitals or pharmaceutical manufacturers is a minor route of pharmaceuticals into 
water environments (Santos et al., 2013). Besides, storm water also contributes to the 
load of PPCPs in urban surface water. The conventional treatment technologies in the 
municipal wastewater treatment plants (WWTPs) are unable to remove 
pharmaceutical compounds readily and fully, since they are not specifically designed 
for PPCP removal (Repice et al., 2013; Rivera-Utrilla et al., 2013; Uslu et al., 2013). 
Advanced treatment processes have been developed in order to enhance the PPCP 
treatment in wastewater (Trinh et al., 2012; Klamerth et al., 2010), which are 
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cost-prohibitive for large-scale application. Constructed wetlands (CWs) are low-cost 
alternative technology for the removal of PPCPs from wastewater (Zhang et al., 2014). 
CWs exhibit high efficiency in elimination of pharmaceuticals in a variety of 
wastewaters, such as domestic wastewater, industrial efﬂuent, contaminated ground 
water and urban runoff (Choudhary et al., 2011; Li et al., 2014). Bioretention system 
is also potential alternative for the removal of pharmaceutical contaminants from 
wastewater. However, the application of bioretention system for the treatment of 
pharmaceutical contaminants is a fresh field. Comprehensive understanding is 
required on the removal efﬁciencies, the removal mechanisms, the inﬂuences of 




3. Materials and methods 
3.1 Chemicals and materials 
Silica sands G3060 with grain size of 0.2-0.6 mm were used in this study. Analytical 
grade of MnCl24H2O (99%), FeCl36H2O (99%) and KMnO4 were purchased from 
ACROS Organics (New Jersey, USA). The target analytes included four PPCP 
chemical compounds: caffeine (CF), acetaminophen (ACMP), ketoprofen (KEP) and 
ibuprofen (IBP). All these compounds were of analytical reagent grade and purchased 
from Sigma Aldrich (Sigma Aldrich, Singapore). The physicochemical properties and 
chemical structures of these pharmaceutical chemicals are summarized in Table 1 and 
Fig. 1. The stock solution was prepared by dissolving target pharmaceutical 
compounds in methanol-water (50/50, v/v) at 0.5 g/L. The mixture was stored in the 4 
C refrigerator prior to use. The standards for analyzing were prepared by diluting the 
stock solution with deionized water (DIW) and renewed before each analytical run. 
Methanol of HPLC grade was provided by Merk (Darmstadt, Germany). De-ionized 
water with a resistivity of 18.2 MΩ was prepared using a Millipore water purification 







Table 1 Physicochemical properties of pharmaceutical compounds 










Caffeine CF 194.19 -0.07 14.0  
Acetaminophen ACMP 151.16 0.46 9.5  
Ketoprofen KEP 254.29 3.12 4.45 51 
Ibuprofen IBP 206.29 3.97 4.51 21 
a
 Bones et al., 2006 
b
 Bui and Choi, 2010
 
 
Fig. 1 Structures of pharmaceutical compounds 
(a. CF, b. ACMP, c. KEP, d. IBP) 
 
3.2 Synthesis of adsorbent 
Silica sands G3060 with grain size of 0.2-0.6 mm were used as the supporting 
substrates. The sands were suspended in 10% HCl for 24 h, and subsequently in 0.05 
mol/L NaOH, and then washed with deionized water, dried at 115℃ in an oven. The 
activated sands were used as the base materials for the preparation of metal oxide 
coated sands.  
The synthesis of iron oxide coated sands (IOCS) was performed as described by 
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Mills et al. (1994), Knapp et al. (1998) and Zhang et al. (2010). A mixture of 100g of 
sands and 200 mL of 0.25 mol/L FeCl3 in a flask was placed on a shaker table, and 1 
mol/L NaOH was added periodically until the pH was between 4.5 and 5.0. In order to 
ensure complete coating, the solution was shaked vigorously for 24 h. The sands were 
then rinsed repeatedly in deionized water, and dried at 115°C.  
The manganese oxide coated sands were prepared following the method proposed 
by Xiang et al. (2009) and Lin et al. (2013). The acid washed sands (100 g) were 
soaked in 500 mL of 0.3 mol/L MnCl2 solution. And 400 mL of 0.25 mol/L KMnO4 
was added into the suspension dropwisely while keeping it vigorously shaked. The 
solution color turned to black immediately upon the addition of KMnO4, indicating 
the formation of MnO2. The suspension was shaked for 24 h and rinsed with DI water 
and dried prior to use in the experiments. 
 
3.3 Adsorbent characterization 
The total coating amount was determined by soaking 1 g of IOCS or MOCS in 20 mL 
of 37% HCl and shaking for 24 h. The pH duration experiments were performed at an 
initial pH of 3, 5, 7 and 9 for 24 h at room temperature. The suspension was filtered 
and diluted prior to ICP-OES analysis (Optima 5300V, Perkin Elmer, USA). 
The pH of point of zero charge (pHPZC) was defined as the pH value at which the 
surface charge was zero (Guedidi et al., 2013). pHPZC of IOCS and MOCS was 
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obtained according to the pH drift method (Babi et al., 1999; Franz et al., 2000). 0.1 g 
of coated sands were added into 50 mL of 0.1 mol/L NaCl aqueous solution, whose 
initial pH (pHi) was adjusted between 2-12 successively by HCl or NaOH. After 
shaking for 24 h, the final pH (pHf) values were measured. The pHPZC was obtained 
when pHi equaled pHf.  
 
3.4 Batch experiments 
All the batch experiments were conducted in 250 mL glass bottles at room 
temperature. The adsorbent was pre-equilibrated by immersing the coated sands in 50 
mL of deionized water for 24 h prior to experiment on a horizontal shaker at 160 rpm. 
The reaction solutions were spiked with the stock solution to the desired concentration. 
Except specific illustration, the initial concentrations of PPCPs were 3 mg/L, the 
coated sands loading was 0.1 g and the reaction time was 24h in order to remove 
PPCP chemicals completely (He et al., 2012). The initial pH was 6.5  0.05 and no 
further pH adjustment was made unless otherwise specified. The mixed suspension 
was filtered through 0.45 m membrane filters (PALL corporation, US). The filtrate 
was collected and subjected to PPCP residue analysis using LC-MS/MS. All the 
experiments were conducted in duplicate. 
In order to investigate the removal of PPCPs by metal oxide coated sands, the 
initial concentrations of PPCPs in working solutions were adjusted to 1, 2, 3, 4 and 5 
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mg/L, respectively. In the kinetic study, the working solutions were collected at 
different time intervals. The effect of initial IOCS and MOCS loadings on PPCP 
removal was assessed by introducing 0.02, 0.05, 0.1, 0.5 and 1 g of coated sands, 
separately. The effect of the solution pH was investigated by employing pH values of 
2.5, 3.5, 6.5, 9 and 11. In order to keep the pH constant, the solution pH was measured 
and adjusted accordingly by 10% HCl or 1 mol/L NaOH as needed during the 
experiment, and the reaction time was shortened to 6 h. The percentage removal of the 







                                              (1) 
where 0C  and eC  were the initial and final analyte concentration (Tiwari et al., 
2011).  
The experiments to evaluate the contributions of adsorption process and 
transformation process were conducted according to the method described by Lin et al. 
(2013). Briefly, the PPCP removal through transformation process was determined by 
introducing excess amount of L-ascorbic acid to quench the reaction. Once the 
reducing agent was added, the metal oxide coatings on sands were dissolved quickly 
and the PPCP chemicals adsorbed on media surface were released into the solutions. 
Meanwhile, the total loss of PPCP was obtained without reducing agent. Hence, the 
contribution of the adsorption process to the total loss of PPCP was calculated based 
on the difference of PPCP concentrations detected in the above two situations over the 
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reaction time.  
3.5 Column experiments 
The column experiments were conducted using glass columns of 1.1 cm i.d. and 65 
cm length. The columns were packed with 80-85 g of sands, IOCS and MOCS, 
respectively. The influent with a desired PPCP concentration passed through the bed 
at a desired flow rate in the down-flow mode using a MSTERFLEX L/S pump, model 
7519-06. The effluent was collected for the residual concentration analysis using 
LC-MS/MS. 
The column experiments were addressed to investigate the performance of 
different feed concentrations, flow rates and bed depths. Specifically, 1, 5 and 10 
mg/L spiked solutions were fed to the columns of 50 cm bed depth at the flow rate of 
3 mL/min in the feed concentration experiments. For the flow rate study, the flow rate 
was adjusted to 0.15, 1 and 3 mL/min when the feed concentration was 3 mg/L and 
the bed depth was 50 cm. To investigate the bed depth effect, feeding solutions with 
the concentration of 3 mg/L were fed at the volumetric flow rate of 3 mL/min at the 
bed depths of 30, 40 and 50 cm. All the experiments were carried out at room 
temperature. Effects of bed depths on breakthrough curves were explored by 
collecting outlet effluents at different time intervals when bed depths of 30, 40 and 50 




3.6 Sample analysis 
The target PPCP chemical compounds were measured using a triple quadrupole mass 
spectrometer equipped with a Z-spray electrospray interface (LCMS-8030, Shimadzu, 
Japan). An Agilent ZORBAX SB-C18 column (150  2.1 mm i.d.; 3.5 m particle 
size) was employed for the separation. Ions were acquired in the multiple reaction 
monitoring modes. The mass spectrometer was performed in the positive ESI () 
mode. The mobile phase consisted of phase A (2 mmol/L NH4Ac in ultra Milli-Q 
water) and phase B (2 mmol/L NH4Ac in methanol) at the total flow rate of 0.25 
mL/min. The four target chemicals were separated using the gradient program, which 
started with 30% mobile phase B and held for 1 min, and rose to 95% mobile phase B 
at 6 min and held for 6 min, and then decreased to the initial conditions and stabilized 
for 5 min. The oven temperature of 40 C was used for all chemicals. The injection 





4. Results and Discussion 
4.1 Characterization of IOCS and MOCS 
The IOCS and MOCS were prepared under optimum conditions in this study. In order 
to remove the original iron and manganese on the surface of sands, the raw sands 
were immersed in 37% HCl for 24 h prior to the coating process. The acid-washed 
sands were white colored particles and used as the blank control to exclude the 
influence of sands in the PPCP removal process. The IOCS samples were red-brown 
colored and the MOCS samples were dark brown-black colored particles, indicating 
the presence of metal oxides on sand surface. The total coating amounts of iron and 
manganese oxides on sands were measured according to the acid digestion method 
(Chang et al., 2008). The acid washed sands were coated with 27.65 mg/g iron and 
10.99 mg/g manganese, respectively. The acid and alkali resistance of the coated 
sands were obtained by analyzing the metal oxides dissolved in solutions with 
different pH and calculated using the equation of pH resistance. Table 1 summarized 
the alkali and acid resistance of IOCS and MOCS, respectively. As shown in Table 1, 
iron oxide coated on sand surface was stable over a wide range of pH conditions. 
When the pH of solution was as low as 3, only 0.21% of iron was dissolved. IOCS 
exhibited better tolerance to alkali conditions compared to MOCS. MOCS is sensitive 
to alkali condition and relatively stable in acid condition. 0.2% of manganese was 







                         (2) 
 
Table 2 Alkali and acid resistance of the IOCS and MOCS 
pH 
IOCS MOCS 
Fe dissolved (mg/g) Resistance (%) Mn dissolved (mg/g) Resistance (%) 
3 0.057 0.21 0.005 0.05 
4 0 0 0.004 0.04 
6 0 0 0.001 0.01 
10 0 0 0.022 0.20 
 
The pH of the point of zero charge (pHPZC) was determined in this study 
according to the pH drift method. The pHPZC were 7.0  0.2 and 2.3  0.2 for IOCS 
and MOCS, respectively. This result was consistent with the pHPZC of most iron oxide 
adsorbents (pH 6-10) and manganese oxide adsorbents (1.4-5.5) reported previously 
(Qin et al., 2011; Kan et al., 2013). According to the pHPZC, the surface of IOCS was 
positively charged when pH was less than 7. In contrast, the surface charge was 
negative in alkaline solutions. For MOCS, the surface charge changed from positive 
to negative when pH was higher than 2.3. The positively charged surface would 




4.2 Batch experiments 
4.2.1 Effect of media amount 
The PPCP amounts removed by three different media were illustrated in Fig. 2. 
Silicon sands without any coatings were used as blank controls to determine the 
improvement of removal efficiency by metal oxide coatings. As shown in Fig. 2, 
sands coated by iron and manganese oxides exhibited better performance in removing 
the target PPCP chemical compounds than silicon sands. IOCS increased the removal 
of CF, ACMP, KEP and IBP by 2, 5, 5 and 6 times higher than silicon sands, 
respectively. MOCS increased the removal of KEP and IBP by 5 times higher than 
sands, while almost the same for CF removal. Besides, the ACMP removal efficiency 
of MOCS was incredibly great among the three media, which was 23 times higher 
than silicon sands. The particularly high removal capacity of MOCS could be 
explained by the abiotic oxidation by MnO2 in soils. Previous studies suggested that 
MnO2 contributed to the transformation of ACMP through the formation of dimers by 
the covalent bonding of phenolic moiety (Huguet et al., 2014; Xiao et al., 2013). 
Since the inter-chemical difference, IOCS and MOCS were supposed to mix up in 
application in order to improve the overall PPCP removal. 
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 Sand   IOCS   MOCS
 
Fig. 2 Amount of PPCPs removed by silicon sands, IOCS and MOCS 
 
4.2.2 Equilibrium isotherms 
The adsorption equilibrium isotherms for PPCPs adsorption on IOCS and MOCS 
were illustrated in Fig. 3. The adsorption isotherm described the PPCPs removal 
against the equilibrium concentration, which was always used to represent the 
adsorption capacity of adsorbents at the equilibrium state. As shown in Fig. 3, these 
isotherms were “L” shaped curves for the four target analytes on both adsorbents. 
Removal of ACMP was 1.33 mg/g by IOCS at the equilibrium concentration of 2.35 
mg/L. The amount of ACMP removed by MOCS was 1.87 mg/g at a lower 
equilibrium concentration of 1.26 mg/L, indicating that MOCS showed a better 
removal capability toward ACMP than IOCS did. In contrast, the amount of CF, KEP 























































Fig. 3 Isotherms of PPCPs adsorption on (a) IOCS and MOCS (b) 
 
The isotherm data were fitted using Langmuir and Freundlich isotherm models 
(Fig. 4 and Fig. 5). The Langmuir isotherm equation was expressed as: 
max max
1 1 1
e L eQ Q Q K C
                                                  (3) 
where Qe was the PPCP removal at equilibrium state (mg/g), KL was the Langmuir 
constant (L/mg), Qmax was the monolayer adsorption capacity (mg/g) and Ce was the 
the solution concentration at equilibrium (mg/g). The model was applicable for the 
mono-layered adsorption on adsorbent (Guedidi et al., 2013). The Freundlich model 
was always used to describe the multi-layered adsorption, which was written as: 
log log loge e FQ N C K                                               (4) 





















































Fig. 4 Linearized Langmuir plots for adsorption of PPCPs 
(a, IOCS and b, MOCS) 
 





































Fig. 5 Linearized Freundlich plots for adsorption of PPCP 
(a, IOCS and b, MOCS) 
 
Table 3 summarized the sorption isotherm constants obtained from the Langmuir 
and Freundlich models. As shown in this table, the correlation coefficient R
2
 was 
0.85-0.98, suggesting that the experimental data of PPCP adsorption on IOCS and 
MOCS were well fitted by both Langmuir and Freundlich isotherm models. Langmuir 
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isotherm model gave a better fit with a relatively higher R
2
 for the four PPCP 
chemical compounds. The result indicated that the adsorption of PPCPs onto coated 
sands involved the monolayer coverage of chemical compounds on the surface of the 
adsorbents. The maximum removal amounts of IOCS and MOCS calculated from the 
Langmuir model was 1.67-2.12 mg/g and 1.01-1.64 mg/g, respectively, close to the 
experimental values (1.32-1.41 mg/g and 1.17-1.87 mg/g, respectively). According to 
the estimated values, the maximum adsorption capacity of IOCS was higher than 
MOCS.  
The Freundlich constants KF and N were used to explain the sorption capacity and 
surface site heterogeneity, respectively (Rakshit et al., 2013; Sposito, 1980). N values 
in our study varied from 0.26 to 0.55, suggesting that the majority of the adsorbent 
surface was heterogeneous. The result was in accordance with the fact that the surface 
of the adsorbents consisted of quartz sands and metal oxides. The KF values of MOCS 
were higher than that of IOCS, indicating that MOCS had a higher sorption capacity 
than IOCS. Langmuir and Freundlich models gave opposite estimated results 
regarding the maximum sorption capacity of coated sands, which was resulted from 
the different assumptions: Langmuir model described monolayer sorption (Febrianto 
et al., 2009), while Freundlich model was valid for multi-layer sorption (Wan Ngah 









 N KF R
2
 
CF IOCS 2.13 0.96 0.97909 0.53 25.12 0.95471 
ACMP IOCS 2.04 0.82 0.94771 0.49 25.12 0.90054 
KEP IOCS 1.67 1.76 0.95795 0.39 63.10 0.90229 
IBP IOCS 1.67 2.40 0.96609 0.35 79.43 0.89905 
CF MOCS 1.01 3.41 0.88817 0.36 63.10 0.84712 
ACMP MOCS 1.64 2.44 0.95399 0.55 25.12 0.91509 
KEP MOCS 1.05 7.31 0.96413 0.29 125.89 0.96459 
IBP MOCS 1.05 6.33 0.94171 0.26 125.89 0.89046 
Unit: Qmax mg/g, KL L/mg 
 
4.2.3 Kinetic study 
In order to investigate the reaction kinetics of the PPCPs removal by IOCS and 
MOCS, four kinetic models were applied to the experimental data.  
The linearized form of the first order model is:  
0 1ln lntC C K t                                                      (5) 
where K1 is the rate constant of first order adsorption (1/h), C0 is the initial PPCP 
concentration (g/L), and Ct is PPCP amount removed at time t (g/L). 







                                                        (6) 
where K2 is the rate constant of second order adsorption (1/h), C0 is the initial PPCP 
concentration (mg/L), and Ct is PPCP amount removed at time t (mg/L). 
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The pseudo first order models is: 
1ln( ) lne t e pQ Q Q K t                                                 (7) 
where Kp1 is the rate constant of pseudo-first-order adsorption (1/h), Qe and Qt are the 
PPCP amounts removed at equilibrium time and time t (g/L), respectively.  




t p e eQ K Q t Q
                                                     (8) 
where Kp2 is the rate constant of pseudo-second-order adsorption (1/h), Qe and Qt are 
the PPCP amounts removed at equilibrium time and time t (mg/L), respectively.  
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Fig. 6 Linearized kinetic plots for adsorption of PPCPs on IOCS and MOCS 
(a, first-order model; b, pseudo-first-order model; c, second-order model; d, 
pseudo-second-order model) 
 
The straight-line plots for the adsorption of CF, ACMP, KEP and IBP onto IOCS 
and MOCS were illustrated in Fig. 6 (a-d). The kinetic constants calculated from these 
models were listed in Table 4. Among the figures, Fig. 6 (a) showed the greatest 
agreement of dynamical data with the first-order kinetic model. As shown in Table 4, 
first-order model and second-order model gave reasonable fitting to the experimental 
data with R
2
  0.94. The initial concentration C0 calculated from the first-order model 
was around 3.1 mg/L, which was close to the experimental value of 3.0 mg/L. 
However, C0 calculated from the second-order model was far away from the 
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experimental value, especially for IOCS. Hence, the first-order model was more 
applicable to describe the kinetics of PPCPs adsorption onto IOCS and MOCS. 
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Table 4 Kinetic constants for adsorption of CF, ACMP, KEP and IBP 
PPCPs Media 
First-order Pseudo-first-order Second-order Pseudo-second-order 
C0 (g/L) K1 (1/h) R
2 
Qe (mg/g) KP1 (1/h) R
2 
C0 (g/L) K2 (1/h) R
2 
Qe (mg/g) h (1/h) R
2 
CF IOCS 3.20 0.088 -0.96 2.24 0.028 -0.96  5.88 0.088 0.94 0.71 1.64  0.82  
ACMP IOCS 3.29 0.077 -0.97 2.24 0.035 -0.94  4.76 0.062 0.94 2.04 0.18  0.98  
KEP IOCS 3.57 0.11 -0.95 2.51 0.020 -0.79  33.33 0.13 0.94 0.47 3.85  0.30 
IBP IOCS 3.53 0.11 -0.95 2.45 0.020 -0.88  0 0.15 0.94 0.52 1.47  0.30 
CF MOCS 3.04 0.045 -0.97 1.66 0.032 -0.84  3.23 0.025 0.94 0.46 0.44  0.86  
ACMP MOCS 1.81 0.081 -0.98 1.45 0.101 -0.90  2.50 0.11 0.94 2.00 6.67  0.95  
KEP MOCS 3.16 0.06 -0.98 2.04 0.046 -0.95  3.70 0.039 0.94 3.85 0.11  0.99 
IBP MOCS 3.13 0.066 -0.96 2.00 0.023 -0.92  4.00 0.05 0.94 0.61 0.88  0.99 
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4.2.4 Effect of solution pH 
The solution pH could affect the removal of PPCP chemical compounds by 
influencing both the chemical charge and the surface charge of adsorbents (Guedidi et 
al., 2013; Lindqvist et al., 2005). The chemical charge was controlled by the pKa 
value, and the surface charge of adsorbents was controlled by the pHPZC value, which 
was determined in this study. The pKa values of CF, ACMP, IBP and KEP equaled to 
14, 9.5, 4.51 and 4.45 (Tran et al., 2013; Bones et al., 2006). When the solution pH 
was higher than the pKa, the PPCP chemicals were present in their anionic form. 
Otherwise, they turned to the neutral form. According to the pH drift method, the pH 
values of IOCS and MOCS were 7.0 and 2.3, respectively. When pH of the solution 
was higher than the pHPZC value, the surface of adsorbents was negatively charged. At 
solution pH lower than the pHPZC value, the adsorbents were positively charged. 
 The effect of the solution pH on the removal of CF, ACMP, IBP and KEP by 
IOCS and MOCS was investigated at various pH values, ranging from 2 to 12. The 
PPCP amount removed at different pH conditions were plotted in Fig. 7 (by IOCS) 
and Fig. 8 (by MOCS). As shown in these figures, the PPCP amount removed by both 
IOCS and MOCS decreased appreciably when the solution pH was higher than pHPZC 
of adsorbents, whether it was lower than pKa or not. Thus, the surface charge of 
adsorbents was the predominant factor influencing the PPCP removal efficiency. The 
positively charged surface was favorable toward removing PPCP chemicals, which 
was consistent with the results reported previously (Rakshit et al., 2013; Teng et al., 
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2009). The solution pH higher than pKa and lower than pHPZC was supposed to be the 
most ideal condition, because of the opposite charge of PPCP chemical and the 
adsorbent surface (Li et al., 2011; Guedidi et al., 2013). In this study, the cases of IBP 
and KEP removed by IOCS satisfied the above conditions (Fig. 7 (c) and (d)). 
However, the amount of IBP and KEP removed at the pH located between pKa and 
pHPZC appeared in contradiction to the prediction. The results indicated that the 
impact of the PPCP charge was negligible.  
 











































































































































Fig. 7 Effect of initial pH on removal of PPCPs by IOCS 




Compared to IOCS (Fig. 7), the PPCP removal performance of MOCS (Fig. 8) 
was more sensitive to the solution pH variety. The PPCP removed by MOCS 
decreased sharply when the solution pH was higher than pHPZC, especially for KEP. 
Another notable finding was that the removal performance of one adsorbent exhibited 
differently for the four chemicals, because of their different chemical nature, 
solubility and charged state. 





































































































   





































Fig. 8 Effect of initial pH on adsorption of PPCPs on MOCS 





4.2.5 Mechanism of PPCP removal 
The PPCP chemicals were removed through the coordination of several processes 
involving adsorption, electrostatic interaction, ion exchange and oxidation, instead of 
one single stage (Lin et al., 2013; Cabrera-Lafaurie et al., 2012). The interaction 
between PPCPs and adsorbents is strongly dependent on the pH, ion strength, 
co-existing ions and the sand modification (Cabrera-Lafaurie et al., 2012), as well as 
the chemical nature of PPCPs. In particular, the formation of carbonyl groups was 
demonstrated to enhance the adsorption uptake (Guedidi et al., 2013). Generally, the 
removal process of PPCPs by metal oxide coated sands consisted of two dominant 
stages, sorption and transformation (Lin et al., 2013; He et al., 2012). In order to 
evaluate the contribution of each stage exactly, a comparison experiment was carried 
out under two different conditions: (i) with the ascorbic acid as the reducing agent, 
and (ii) without the ascorbic acid. The metal oxide coatings were reduced by ascorbic 
acid once it was added. The PPCP chemical compounds adsorbed onto the surface of 
IOCS and MOCS were released back into the solution since the coatings dissolved.  
The residual PPCP concentrations over time were plotted in Fig. 9 and Fig. 10. In 
the ascorbic acid solution without IOCS and MOCS, no CF and ACMP loss were 
observed. However, nearly 30% of IBP and KEP loss were observed, indicating that 
ascorbic acid was not applicable for these two chemicals. Thus, only CF and ACMP 
were discussed in this study. As shown in these figures, the CF and ACMP residue in 
the reaction solution with ascorbic acid was a little bit higher than that without 
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ascorbic acid. Hence, the CF and ACMP removed through adsorption just accounted 
for a limited portion of the total removal amount from the solution, which was in 
consistence with the result reported previously (Lin et al., 2013).  





















 CF with ascorbic acid
 CF without ascorbic acid
(a)























 ACMP with ascorbic acid
 ACMP wihout ascorbic acid
(b)
 
Fig. 9 Residual of PPCPs in reaction solution with and without ascorbic acid 
(a, CF and b, ACMP by IOCS) 
 






















 CF with ascorbic acid
 CF without ascorbic acid
(a)
 























 ACMP with ascorbic acid
 ACMP without ascorbic acid
(b)
 
Fig. 10 Residual of PPCPs in reaction solution with and without ascorbic acid 




4.3 Column experiments 
4.3.1 Removal efficiency of columns 
Three column reactors packed with different adsorbents were applied to investigate 
the removal efficiency of IOCS and MOCS from small-scale column tests, and the 
uncoated sands were used as a control. The amounts of PPCP removed by three 
columns were compared in Fig. 11. The removal of ACMP by MOCS was particularly 
higher than the other two media, which was nearly 5 times higher. IOCS exhibited 
similar removal capacity as uncoated sands for ACMP. However, the removal capacity 
of IOCS for IBP and KEP were higher than MOCS and the control. The three 
adsorbents all had great removal capacity for CF, removing nearly 100% of the initial 
CF concentration. The trend was in accordance with the results of batch experiments. 
Besides, the enlarged amount of adsorbents greatly increased the amount of CF 
removed compared to the batch experiment.  



































4.3.2 Effect of the initial concentrations of PPCPs 
Different amounts of PPCPs were added into the feeding solutions in order to 
investigate the influence of initial concentrations on the removal efficiency (Fig. 12). 
Since the initial concentrations of PPCPs were different, the residual concentrations of 
PPCPs were not comparable. Hence, Ct/C0 was used as the index to evaluate the 
removal efficiency under different C0. The higher Ct/C0 indicated less amount of 
PPCPs removed. In other words, the higher Ct/C0 became, the lower the removal 
efficiency was. As shown in Fig. 12, the removal efficiency was lowest under the 
lowest initial concentration of 1 mg/L for both IOCS and MOCS. With higher initial 
concentration, the removal efficiency increased, but showed a discrepancy among the 
four chemicals. For ACMP and KEP, the removal efficiency steadily increased with 
the initial concentration increased. CF and IBP achieved the highest removal 
efficiency under an initial concentration of 5 mg/L, but became lower at 10 mg/L. 
This was because the adsorption sites on the surface of adsorbents became saturated 





































































Fig. 12 Effect of initial concentrations of PPCPs in IOCS and MOCS coulmns 
(a, CF; b, ACMP; c, IBP; and d, KEP) 
 
4.3.3 Effect of the flow rates 
In the flow rate experiment, three different flow rates of 1, 2 and 3 mL/min were used 
to investigate the impact of PPCP removal. Ct/C0 values of four chemicals were 
illustrated in Fig. 13. In these figures, the removal efficiency increased when lower 
flow rate was provided for both IOCS and MOCS. A lower flow rate could extend the 
contact time between the chemicals in the aqueous solution and the adsorbents. Hence, 


































































Fig. 13 Effect of flow rates of PPCPs in IOCS and MOCS columns 
(a, CF; b, ACMP; c, IBP; and d, KEP) 
 
4.3.4 Effect of the bed depths 
The breakthrough curves of IOCS and MOCS were obtained at the fixed flow rate of 
1 mL/min, an initial concentration of 1 mg/L and the bed depth of 50 cm, shown in 
Fig. 14. The influent was fed to the top of the column continuously and the effluent 
was collected at the desired time intervals. C0 was the PPCP concentration in the 
influent, and C was that in the effluent. In general, Ct/C0 reached 1 when the PPCP 




The breakthrough curves of ACMP and KEP were sharper than the other two 
chemicals when IOCS was used as the adsorbent. The ratio of Ct/C0 almost reached 1 
at the very first stage of the reaction. In the case of MOCS, sharper breakthrough 
curves were obtained for KEP and IBP. During the entire sampling period of 24 h, 
Ct/C0 of ACMP was 0, implying the excellent removal potential of ACMP by MOCS. 
However, it was hard to know the dependence of Ct/C0 of ACMP and KEP on the 
reaction time in the column experiment. Hence, only the breakthrough curves of CF 
and IBP were applicable in order to discuss the effect of bed depths. 




































Fig. 14 Breakthrough curves for PPCPs removed by columns 
(a, IOCS column and b, MOCS column) 
 
The impact of bed depths on PPCPs removal was determined at three different 
bed depths of 30, 40 and 50 cm, using the flow rate of 1 mL/min and the initial PPCP 
concentration of 1 mg/L. The breakthrough curves of CF and IBP were illustrated in 
Fig. 15 (IOCS) and Fig. 16 (MOCS). As shown in these figures, longer time was 
taken for the adsorbents to get saturated when the bed depths were longer. The 
45 
 
breakthrough curves of CF and IBP were “L” shaped in the IOCS column. When 
Ct/C0 reached 1 or almost 1, the curve would stay stable. In the MOCS column, IBP 
also had a “L” shaped curve. However, the breakthrough curve of CF was “S” shaped, 
indicating that MOCS took a little time to get activated before interacting with CF. 



































Fig. 15 Effect of IOCS column height on breakthrough curves 
(a, CF and b, IBP) 
 



































Fig. 16 Effect of MOCS column height on breakthrough curves 





The bed depth service time (BDST) model was proposed by Bohart and Adams 
(1920), and widely used to determine the service time of a column of a given bed 
depth (Teng et al., 2009; Sotelo et al., 2012 ). This model was expressed by the 









                                                (9) 
where t was the service time, h was the bed depth, C0 (mg/L) was the initial 
concentrations of PPCPs, Ct (mg/L) was the desired concentrations of PPCPs at the 
breakthrough time (Ct/C0 = 0.3), K (L/mgh) was the adsorption rate constant, N0 
(mg/L) was the adsorption capacity of the adsorbents, and u was the linear flow 
velocity of feed (cm/h). The service time t was enabled for a specified bed depth h, 
given the slope a and the intercept b of the equation. The parameters, a and b, are 















                                                    (11) 
The service time, t, versus the bed depth, h, corresponding to Ct/C0 = 0.3 were 
plotted in Fig. 17. The linearized relationship between t and h was reasonably 
described by the BDST model with the correlation coefficient R
2
  0.88, as shown in 
Table 5. According to the parameters, a and b, which were also listed in Table 5, the 
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N0 and K were calculated and summarized in Table 6. The critical bed depth, hc, was 
defined as the height when t = 0 and the effluent concentration Ct = Cb. Actually, hc 
was the minimum bed depth necessary in order to obtain a desired concentration Cb in 








                                                   (12) 
















































Fig. 17 Linearized relationship of h versus t for 30% saturation of columns 
(a, CF and b, IBP) 
 
Table 5 Linearized parameters of BDST model for 30% saturation of column 
PPCPs 
IOCS   MOCS   
a (h/cm) b R
2 
a (h/cm) b R
2 
CF -34.29 1.07 0.87985 -12.23 0.44 0.93808 
IBP -0.43 0.015 0.89524 -1.08 0.035 0.92447 
 
As shown in Table 6, the critical bed depths for IOCS were 32.05 cm and 28.67 
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cm, and for MOCS were 27.80 cm and 30.86 cm for CF and IBP removal, 
respectively. 
 
Table 6 Bed depth service time model constants for 30% saturation of column 
PPCPs 
IOCS  MOCS 
N0 (mg/L) K (L/mgh) hc (cm) N0 (mg/L) K (L/mgh) hc (cm) 
CF 67.58 0.025 32.05 27.79 0.069 27.80 






Bioretention system is a promising alternative for PPCP treatment. Compared with the 
conventional facilities, e.g. constructed wetlands, bioretention system is highly 
efficient in removing contaminants by proper design and low-cost in construction and 
maintenance. Application of bioretention system in urban storm water treatment is a 
fresh field, particularly in PPCP treatment. Thus, sufficient information is required to 
fully understand the performance and mechanism of bioretention facilities in PPCP 
reduction.  
In the batch experiments, IOCS and MOCS were confirmed to have better PPCP 
removal efficiency than silicon sands. In particular, MOCS exhibited excellent ACMP 
reduction capability due to the oxidation by MnO2. The isotherms, kinetics, pH effect 
and removal mechanism were also investigated through laboratory-scale experiments. 
The adsorption of the four target compounds onto IOCS and MOCS showed “L” 
shaped isotherm curves. The isotherm data was well fitted using Langmuir isotherm 
model, indicating the monolayer coverage of chemical compounds and the maximum 
adsorption of 1.67-2.12 mg/g and 1.01-1.64 mg/g for IOCS and MOCS, respectively. 
The kinetic data was described by the first-order kinetic model reasonably, with R
2
  
0.95. When the pH of reaction solution was higher than pHPZC of adsorbents, PPCP 
removal of both IOCS and MOCS was found to decrease, whether pH was lower than 
pKa or not. The result suggested that PPCP removal efficiency was mainly controlled 
by the surface charge of adsorbents. According to the comparison experiment, the 
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dominant contribution was attributed to the oxidation process, while the adsorption 
process just accounted for a very limited portion. 
Bioretention columns were applied to investigate the influence of column design 
parameters, e.g. the initial concentrations, flow rates and bed depths, on the PPCP 
removal performance of small-scale bioretention columns. The removal efficiency of 
ACMP and KEP was found to steadily increase with the initial concentration, while 
the adsorption sites on the surface of adsorbents became saturated when the 
concentrations of CF and IBP were up to 10 mg/L. A lower flow was demonstrated to 
increase the removal efficiency by extending the contact time between the chemicals 
in the aqueous solution and the adsorbents. In the bed depth study, columns with 
longer bed depths took longer time to become saturated, which was in consistent with 
the previous research. The breakthrough curves were well fitted using the bed depth 
service time (BDST) model, so that the service time of a column of a given bed depth 
could be determined and the critical bed depth could be calculated. For CF and IBP 
removal by IOCS, the critical bed depths were 32.05 cm and 28.67 cm, while for 
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